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VWUHVV WULD[LDOLW\%\GHILQLQJYRLGYROXPH IUDFWXUHDVGDPDJHSDUDPHWHU*XUVRQ >@SURSRVHGDQHZPRGHORI
VSKHULFDORUF\OLQGULFDOYRLGV LQVLGH ILQLWH ULJLGSODVWLFPDWUL[DQG WKHQSURYLGHGDPRUHSUDFWLFDODQGV\VWHPDWLF
FRQVWLWXWLYHWKHRU\&RQVLGHULQJWKHLQWHUDFWLRQRIYRLGV7YHUJDDUGDQG1HHGOHPDQ>@PRGLILHGWKH*XUVRQPRGHO
VR WKDW WKHPRGHO FRXOGEHPRUH DFFXUDWH DQGSUDFWLFDO)URP WKHQRQ UHVHDUFKHUVPDLQO\ SDLG WKHLU DWWHQWLRQ WR
FRQGLWLRQVRIKLJKVWUHVVWULD[LDOLW\DQGJHQHUDOO\FRQVLGHUHGYRLGYROXPHIUDFWXUHDVGDPDJHSDUDPHWHUWRHYDOXDWH
YRLGJURZWK+RZHYHUWKHWUDGLWLRQDO*71PRGHOLVRQO\YDOLGLQWKHKLJKVWUHVVWULD[LDOLW\FRQGLWLRQDQGZLOOFDXVH
REYLRXVGHYLDQW LQ ORZ VWUHVV WULD[LDOLW\ FRQGLWLRQ VXFK DV VKHDU IDLOXUH1DKVKRQ DQG+XWFKLQVRQ >@ SURSRVHG D
PRGLILHG *XUVRQ PRGHO WR DFFRXQW IRU VKHDU IDLOXUH ([SHULPHQW DQG VLPXODWLRQV SHUIRUPHG E\ %DUVRXP DQG
)DOHVNRJ>@VKRZHGWKDWGXFWLOHIDLOXUHUHVXOWVIURPWKHLQWHUDFWLRQRIVWUHVVWULD[LDOLW\DQG/RGHSDUDPHWHUDQG
DOVRVKRZHGWKDWDV\VWHPDWLFUHVHDUFKRQYRLGJURZWKRIPDWUL[VXEMHFWHGWRORZVWUHVVWULD[LDOLW\LVQHHGHG
,Q WKH FXUUHQW VWXG\ WKH FODVVLFDO SODVWLF IORZ WKHRU\ZDV LQWURGXFHG WR LQYHVWLJDWH WKH YRLG JURZWK EHKDYLRU
%DVHGRQILQLWHHOHPHQWVLPXODWLRQD'FHOOPRGHOVXEMHFWHGWRORZVWUHVVWULD[LDOLW\ZLWKDVSKHULFDOYRLGORFDWHG
LQFHQWHUZDVDGRSWHG7KHGLVWULEXWLRQUXOHRIVWUHVVDQGVWUDLQZDVLQYHVWLJDWHGDVZHOODVWKHGHYHORSLQJWUHQGRI
YROXPHRIYRLGZKLFKVKRZHGWKDWXQGHUWKHORZWULD[LDOLW\FRQGLWLRQWKHUHDUHVRPHOLPLWDWLRQVRIWKH*71PRGHO
ZKLFKUHJDUGHGYRLGYROXPHIUDFWLRQDVGDPDJHSDUDPHWHU$QHZSDUDPHWHUWRFKDUDFWHUL]HWKHGDPDJHEHKDYLRURI
GXFWLOHPDWHULDOVXEMHFWHGWRORZVWUHVVWULD[LDOLW\LVQHHGHG)XUWKHUUHVHDUFKZDVFDUULHGRXWWRLQYHVWLJDWHWKHYRLG
JURZWKDQGPDWHULDOIDLOXUHXQGHUGLIIHUHQWVWUHVVWULD[LDOLW\HVSHFLDOO\ORZVWUHVVWULD[LDOLW\E\LQWURGXFLQJIUDFWXUH
VWUDLQDVIDLOXUHFULWHULRQ$QHZFULWHULRQEDVHGRQFULWLFDOHTXLYDOHQFHSODVWLFVWUDLQWRHYDOXDWHPDWHULDOGDPDJH
EHKDYLRUZDVWKHQGHYHORSHG
0LFURPHFKDQLFDOPRGHO
2.1. Cell model 
$PLFURPHFKDQLFDOPRGHO GHYHORSHG LQ%DUVRXP DQG )DOHVNRJ >@ZDV HPSOR\HG'XH WR WKH YRLGV UHJXODU
DUUD\GLVWULEXWLRQDWWHQWLRQFRXOGPDLQO\IRFXVRQD'XQLWFHOODVLQGLFDWHGLQ)LJ7KHOHQJWKRIWKHFHOOLQ<
GLUHFWLRQPXVW EH ODUJHU HQRXJK WR DYRLG LQWHUDFWLRQZLWKRWKHU URZVRIYRLGV LHܮଶ ൐ ܮଵǡ ܮଷ$FFRUGLQJ WR WKH
UHVHDUFKRI3DUGRHQDQG+XWFKLQVRQ>@WKHLQLWLDOVL]HRIWKHFHOOZDVJLYHQE\ܮଶ ൌ ʹܮଵ ൌ ʹܮଷ ൌ ʹܮ଴VRWKDWWKH
LQWHUDFWLRQ RI WKH < GLUHFWLRQ FRXOG EH QHJOHFWHG 7KH FHOO FRQWDLQHG RQH YRLG ORFDWHG LQ LWV FHQWUH LQLWLDOO\ RI
VSKHULFDOVKDSHZLWKUDGLXVܴ଴7KHLQLWLDOUDWLRRIYRLGVL]HWRYRLGVSDFLQJZDVGHILQHGDV߯ ൌ
ଶோబ
௅బ
7KHLQLWLDOYRLG
YROXPHZDVݒ௛଴ ൌ Ͷ ͵ൗ Ɏܴ଴
ଷDQGWKHYRLGYROXPHUHODWLYHLQFUHPHQWDOZDVܲ ൌ ௩೓ି௩೓బ
௩೓బ
ൈ ͳͲͲΨ


)LJ&HOOPRGHO
7KH ' FHOO ZDV QXPHULFDOO\ DQDO\VHG E\ WKH ILQLWH HOHPHQW VRIWZDUH $%$486 6\PPHWU\ DOORZHG IRU
VLPXODWLQJRIWKH ൐ ͲKDOIRIWKHFHOODVVKRZHGLQ)LJD$W\SLFDOPHVKZLWK߯ ൌ ͲǤͶZDVVKRZHGLQ)LJD
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ZKLFKFRQVLVWHGRIQRGHOLQHDUUHGXFHGLQWHJUDWLRQHOHPHQWV&'57RREWDLQDFFXUDWHQXPHULFDOUHVXOWV
WKHPHVKHVZHUH UHILQHG QHDU WKHPLGGOH RI WKH FHOO DV VKRZHG LQ )LJ E 6\PPHWU\ ERXQGDU\ FRQGLWLRQZDV
DSSOLHGRQWKHVXUIDFH= DQGORDGVZDUHDSSOLHGDVVKRZHGLQ)LJFWRREWDLQGLIIHUHQWVWUHVVWULD[LDOLW\

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
)LJDFDOFXODWLQJPRGHOEORFDOVFKHPHRIPHVKFVFKHPHRIORDGFRPELQDWLRQ
2.2. Material 
&ROGUROOHGVLOLFRQVWHHOZDVFRQVLGHUHGDVWKHPDWHULDODQGWKHPDWHULDOZDVDVVXPHGWREHHODVWLFSODVWLFZLWK
LVRWURSLF KDUGHQLQJ DQG XQLD[LDO EHKDYLRU (ODVWLFSODVWLF SDUDPHWHUV ZHUH REWDLQHG IURP WHQVLOH H[SHULPHQW DQG
ILWWLQJFXUYHDVLQGLFDWHGLQ)LJ7KHWUXHVWUHVVVWUDLQEHKDYLRUZDVJLYHQE\(T
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:KHUH(GHQRWHV<RXQJ¶VPRGXOXV ൌ ʹͲͷͲͲͲGHQRWHVKDUGHQLQJSDUDPHWHU ൌ ͷͲʹ1GHQRWHV
VWUDLQKDUGHQLQJH[SRQHQW ൌ ͲǤͲͻ͸
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$QDO\VLVDQGGLVFXVVLRQ
'LIIHUHQWVWUHVVWULD[LDOLW\ZHUHREWDLQHGE\DGMXVWLQJWKHVWUHVVFRPELQDWLRQDFFRUGLQJWR(T
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
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ଵ
ଷ
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PDFURVFRSLFVWUHVVσ௘ ൌ ට
ଷ
ଶ
࢙࢏࢐࢙࢏࢐
3.1. Micromechanical analysis of matrix subjected to low stress triaxiality 
6LQFHWKHFDVHRIVKHDUVWUHVVLVDW\SLFDOVWUHVVVWDWHRIORZVWUHVVWULD[LDOLW\WKHDQDO\VLVRIYRLGEHKDYLRXUZDV
PDLQO\ IRFXV RQ WKH FDVH RI VKHDU VWUHVV LQ SUHVHQW VHFWLRQ ,Q WKH FDVH RI VKHDU VWUHVV ORDGV ZHUH DSSOLHG DV
σଵଵ σଶଶ σଷଷ DQGσଵଶZDVSURSRUWLRQDODSSOLHGWRNHHST $PRGHOZLWK߯ ൌ ͲǤͶZDVFKRVHQWRFDOFXODWH
3.1.1. Analysis of distribution of stress and strain 
7DNHQσଵଶ ൌ ɐୱWR DQDO\VH WKHGLVWULEXWLRQRI0LVHV VWUHVV DQGHTXLYDOHQWSODVWLF VWUDLQZHUHGLVSOD\HG LQ)LJ
DEUHVSHFWLYHO\0LVHVVWUHVVZDVDQWLV\PPHWULFGLVWULEXWHGUHODWLYHWR;2=VXUIDFHDQG<2=VXUIDFH6WUHVV
LQUHPRWHDUHDZDVPRUHXQLIRUPWKDQDUHDQHDUYRLGDQGWKHPD[LPXPVWUHVVYDOXHDSSHDUVRQWKHLQQHUVXUIDFHRI
YRLG6WUHVVDORQJWKH;DQG<D[LVZDVKLJKHUWKDQWKDWDORQJGLUHFWLRQVRWKHORZHUVWUHVVDUHDGLVWULEXWHGOLNH
DEXWWHUIO\(TXLYDOHQWSODVWLFVWUDLQ3((4KDGDVLPLODUGLVWULEXWLRQDVZDVVKRZHGLQ)LJE

D E

)LJDGLVWULEXWLRQRI0LVHVVWUHVVEGLVWULEXWLRQRI3((4
3.1.2. Analysis of void volume fraction 
9RLGYROXPHIUDFWLRQZDVJHQHUDOO\FRQVLGHUHGDVDSDUDPHWHUWRHYDOXDWHPDWHULDOGDPDJHLQFODVVLFDOQXPHULFDO
PRGHO :KLOH ZKHQ PDWUL[ VXEMHFWHG WR VKHDU VWUHVV WKH YRLG YROXPH GHFUHDVHG LQVWHDG RI LQFUHDVHG DV
SURSRUWLRQDOO\LQFUHDVLQJWKHVKHDUVWUHVVDIWHU\LHOGDVZDVVKRZHGLQ)LJ7KDWZHQWDJDLQVWWKHWKHRU\SURSRVHG
E\&KDRFKH>@EDVHGRQWKHUPRG\QDPLFVWKDWGDPDJHSDUDPHWHULQFUHDVHVPRQRWRQLFDOO\7KHUHIRUHYRLGYROXPH
IUDFWLRQLVQRWVXLWDEOHWRFKDUDFWHUL]HYRLGJURZWKZKHQPDWUL[VXEMHFWHGWRORZVWUHVVWULD[LDOLW\
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3.2. Analysis of void growth and material failure 
=KHQJ&KDQJTLQJ>@SUHVHQWHGDIXQFWLRQRIIUDFWXUHVWUDLQDQGVWUHVVWULD[LDOLW\LQKLVZRUN6WXGLHVRI<LQJELQ
%DR 7RPDV]:LHU]ELFNL >@ DOVR VKRZHG WKDW WKH IDLOXUH VWUDLQV RIPDWHULDO VXEMHFWHG WR GLIIHUHQW VWUHVVHV DUH
GLUHFWO\ UHODWHG WR VWUHVV WULD[LDOLW\ %DVHG RQ WKHVH UHVHDUFKHV IUDFWXUH VWUDLQ ZDV LQWURGXFHG LQ QXPHULFDO
FRPSXWLQJE\DSSO\LQJ986')/'VXEURXWLQHLQ$%$4867KHIUDFWXUHVWUDLQɂ௙ZDVGHILQHGDV(T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
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)LJ&XUYHRIWUXHVWUDLQYVWUXHVWUHVVRIH[SHULPHQWDQGVLPXODWLRQ
3.2.1. Analysis of void behavior of model under uniaxial tension 
7KH ORDGV ZHUH DSSOLHG DVσଵଵ σଷଷ ൌ σଵଶ  DQGσଶଶSURSRUWLRQDO LQFUHDVHG WR NHHS VWUHVV VWDWH RI XQLD[LDO
WHQVLRQ$PRGHOZLWK߯ ൌ ͲǤͶZDV VHOHFWHG WR DQDO\VLV$V FRXOG EH VHHQ IURP)LJ  WKH3((4 LQ ORFDOL]DWLRQ
EDQG LQFUHDVHG DV0LVHV VWUHVV LQFUHDVLQJ DIWHU \LHOG $V GHIRUPDWLRQ SURJUHVVHG DPD[LPXP0LVHV VWUHVV ZDV
UHDFKHGZKHQσଶଶ ൌ ͳǤ͸ɐୱZKLOHORFDOL]DWLRQRFFXUUHGDQGPDWHULDOIDLOHG
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)LJ&XUYHRI3((4YV0LVHVVWUHVVRIPRGHOXQGHUXQLD[LDOWHQVLRQ
)LJXUHDQG)LJVKRZHGWKHGHIRUPDWLRQRIYRLGFRUUHVSRQGLQJWRLQVLWXWHQVLOHH[SHULPHQWDQGVLPXODWLRQ
UHVSHFWLYHO\7KHH[SHULPHQWDODSSHDUDQFHVRIYRLGLQ)LJDFDQGWKHVLPXODWLQJDSSHDUDQFHVRIYRLGLQ)LJ
DF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3.2.2. Analysis of void behavior of model under low stress triaxiality 
$SSOLHGσଵଵ σଶଶ σଷଷDQG
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